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Calcium channelsCatsper is a Ca2+permeable channel required for sperm hyperactivation. In spite of its central role in
male fertility, the transcriptional mechanisms that regulate Catsper1 expression are ill deﬁned. In
this work, we describe the identiﬁcation and characterization of important regulatory elements
in the murine Catsper1 gene proximal promoter. Four transcription start sites and three functional
Sox-binding sites were identiﬁed in the Catsper1 promoter. Interestingly, transcription factors Sox5
and Sox9 caused a signiﬁcant increase in transactivation of the Catsper1 promoter in heterologous
systems, and chromatin immunoprecipitation assays showed that both transcription factors inter-
act with the Catsper1 promoter in vivo. These results provide new insights into the molecular mech-
anisms that control Catsper channel expression.
 2014 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.1. Introduction
Catsper is a Ca2+ permeable channel located in the plasma
membrane of the sperm ﬂagellum involved in the transient
Ca2+ concentration increases during sperm hyperactivation, a
physiological event required for mammalian fertilization [1]. Cat-
sper1 was the ﬁrst identiﬁed member of a family consisting of
four Catsper genes coding for channel proteins with six trans-
membrane spanning domains similar to that forming the ion-
conducting subunit of the voltage-gated Ca2+ channels [2–4]. Cat-
sper1 transcripts have been detected in the testis from different
species including mouse, pig and human, as well as in ejaculated
sperm. Expression of mouse Catsper1 starts at postnatal day 18
and reaches its maximal level at the adult testis stage [5,6].
The expression proﬁles of the four Catsper transcripts inpost-natal mouse testis are different, suggesting independent
transcriptional regulation [6]. Likewise, testis-speciﬁc Catsper1
expression is coordinately regulated with the onset of spermato-
genesis and sexual maturation.
In addition, it is acknowledged that many of the transcription
factors (TF) speciﬁcally expressed in male gonads belong to the
Sox family [7]. One sex-determining region Y (Sry)-related cDNA
was isolated from adult murine testis RNA which encodes for a
43kDa protein with a high mobility group domain (HMG) also
present in transcription factors from the Sox family [8]. Sox5 rec-
ognizes a consensus sequence AACAAT and its expression occurs
in post-meiotic germ cells with highest level in round spermatids
[9]. Upregulation of mammalian sperm-associated antigen 6 gene
(Spag6) is associated with a high expression of Sox5 in the adult
mouse testis [10], though the transcriptional regulation of the
Catsper1 gene could be another interesting possibility. In a previ-
ous study, we reported the cloning and characterization of pro-
moter regions in the human and murine Catsper1 genes [11].
Here, we report a more comprehensive structural and functional
analysis of the murine Catsper1 promoter as an initial step in the
examination of the mechanisms involved in the control of the
Catsper channel expression. Our ﬁndings show that the transcrip-
tion start site of the murine promoter, determined experimen-
M. Mata-Rocha et al. / FEBS Letters 588 (2014) 3352–3360 3353tally, differs from the human Catsper1 promoter reported previ-
ously. Likewise, here we identify additional Sox binding sites in
the murine Catsper1 promoter able to bind Sox5 and to transac-
tivate the Castper1 promoter in vitro. Last, we show evidence for
the interaction between Sox sites and Sox5 in vivo. These results
provide new insights into the molecular mechanisms that control
Catsper1 gene expression.2. Materials and methods
2.1. Sequence analysis
Multiple Catsper1 promoter sequences from different species
were aligned using T-coffee (http://www.tcoffee.org/Projects/tcof-
fee/) and Sox sites identiﬁcation was performed using the ConSite
software (http://asp.ii.uib.no:8090/cgi-bin/CONSITE/consite). Mul-
tiple putative binding sites for transcription factors with a high
mobility group DNA binding domain were identiﬁed with default
settings. The TF score cut off was set at 80% for each promoter
analyzed.
2.2. Rapid ampliﬁcation of 50 cDNA ends (50-RACE)
The Marathon-ReadyTMcDNAs kit (Clontech) was used to
amplify the 50-cDNA ends of mouse testis mRNA. The 50-RACE
PCR reaction was performed according to the manufacturer’s pro-
tocol using Adaptor Oligonucleotide 1 (AP1, forward oligonucleo-
tide) and Catsper1 gene speciﬁc oligonucleotide (antisense
oligonucleotide, GSP1CatS1). To verify the RACE products, 50-RACE
nested PCR was carried out using nested Adapter Oligonucleotide
2 (AP2; forward oligonucleotide) and PECatS1 gene speciﬁc
reverse oligonucleotide (Suppl. Table 1). The nested RACE prod-
ucts were subcloned into the pJET1.2/blunt vector (Fermentas)
and sequenced.
2.3. Plasmid constructs
pCatS798 and pCatS1215 were obtained as previously
reported [11]. The pCatS1071was obtained from 1071pb frag-
ment Kpn I–Hind III (pCats1215) inserted into the pGL3-Basic.
The 50 deletion constructs pCatS599, pCatS394 and pCatS261
were derived from the pCatS798 construct by modiﬁed mutagen-
esis PCR [12] using the Quik-Change Site-directed mutagenesis
kit (Stratagene) with speciﬁc oligonucleotides. Sox sites muta-
tions were introduced into the pCatS798 construct using the
Quik-Change kit (Suppl. Table 1).
2.4. Cell culture, transient transfection and luciferase assays
The human embryonic kidney HEK-293, the mouse-derived
spermatogonia GC1spg and the mouse Sertoli MSC-1 cell lines
were cultured in DMEM supplemented at 37 C and 5% CO2. Cells
were plated 24 h before transfection at 70–80% conﬂuence. Trans-
fections were performed with TurboFect reagent (Fermentas) using
1 lg of the wild-type (WT) Catsper1 promoter or the mutant con-
structs. Co-transfections were made with 500 ng of each of the Cat-
sper1 promoter constructs along with either empty expression
vector (pcDNA), Sox9-expressing (pCMVSport6-Sox9, Origene) or
S-Sox5-expressing pRK-7 vector (a generous gift of Dr. Z. Zhang,
VCU Medical Center, USA). Luciferase assays were performed using
the Dual-Luciferase Reporter Assay (Promega). Luciferase activity
was normalized with respect to the control transfection (pGL3-
CMV or pRL-CMV according to the tested construct) and measured
in a luminometer. One relative unit of luciferase activity corre-
sponds to pCatS798 activity.2.5. Animals
CD1 male eight-week-old mice were maintained under con-
stant temperature and a 12-h light/12-h dark cycle with free access
to pelleted food and water. The use and care of animals were
approved by the Comisión Nacional de Investigación Cientíﬁca
and the institutional Animal Care and Use Committee.
2.6. Electrophoretic mobility shift assay (EMSA)
Nuclear extracts were prepared from murine testis using the
ProteoJET Cytoplasmic and Nuclear Protein Extraction Kit (Fermen-
tas). DNA–protein interactions were resolved by EMSA. A probe
(S9WT) containing an optimal Sox binding site was used as posi-
tive control [13]. Each oligonucleotide pair was annealed (Suppl.
Table 1), end labeled with [c-32 P]-ATP (100,000 cpm) using T4
polynucleotide kinase and puriﬁed. The binding reaction was car-
ried out with 5 fmol of the end-labeled probe and 10 lg of nuclear
protein from murine testis in binding buffer containing 20 mM
HEPES (pH 7.9), 50 mM KCl, 10% (v/v) glycerol, 1 lg/ml carrier
DNA, 0.5 mM EDTA, 0.5 mM dithiothreitol, 1 mM phenylmethyl-
sulfonyl ﬂuoride, 0.05% Nonidet P-40, and 300 lg/ml bovine serum
albumin (BSA). Binding reactions were incubated at room temper-
ature for 20 min, loaded onto 5% poliacrylamide gels and electro-
phoresed. For competition analysis, 50-fold excess of a cold-
competitor probe was included in the reaction.
2.7. Pull-down assays
Biotinylated primers (Table 1) were used to prepare double
stranded biotinylated Sox-B probes. A non-biotinylated Sox-B
probe served as a negative control. For binding assays 100 lg of
nuclear extracts were incubated for 1 h with 4 lg of double-strand
biotinylated DNA probes in 200 ll of PBS, before adding 40 ll of
the streptavidin-agarose beads (Sigma). The samples were gentle
mixed at 4 C for 2 h, and then centrifuged at 550g for 1 min.
The supernatant was removed and the pellet was washed with
ice-cold PBS. Subsequently, the pellet was suspended in 30 ll of
2X Laemmli sample buffer, boiled (95 C for 5 min) and centrifuged
at 7000g for 1 min. Protein samples (25 ll) were resolved by
SDS–PAGE in 10% gels, and transferred to nitrocellulose mem-
branes, which were incubated with antibodies against Sox5 (Santa
Cruz Biotechnology; 1:250 dilution) and secondary antibodies
(1:10,000 dilution) for enhanced chemiluminescence detection.
2.8. Chromatin immunoprecipitation (ChIP)
Cells from murine testis were used according to the ChIP assay
kit (Millipore). Nuclear extracts were sonicated to shear the DNA to
200- to 900-bp length fragments. Reactions were incubated over-
night at 4 C with 1 lg of antibodies speciﬁc for Sox5 (H-90, Santa
Cruz Biotech), Sox9 (AB5535, Millipore), anti-RNA polymeraseII
(Millipore) or anti-GST (Amersham) as a negative control. The
immunocomplexes were absorbed with 30 ll of protein G agarose
beads and washed with the appropriate buffers. After reverse
cross-linking, DNA was puriﬁed by phenol/chloroform extraction
followed by ethanol precipitation. PCR experiments were carried
out with Pyro Start mix (Fermentas) using speciﬁc oligonucleotides
for ampliﬁcation of Sox sites (Suppl. Table 1).
2.9. RT-PCR co-expression of Sox5 and Catsper1
Spermatogenic cells were obtained as described previously [14].
Extraction of RNA from spermatogenic cells, cell lines and testis
was carried out using TriReagent solution (Sigma–Aldrich). RNA
from mouse thymus and 11-day embryo was purchased from
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RNA reverse transcription kit (Applied Biosystems). Products of
261 pb from Sox5, 93 pb from Catsper1 and 654 pb from b-Actin
cDNA’s were ampliﬁed with speciﬁc oligonucleotides (Suppl.
Table 1).
2.10. Immunoﬂuorescence
Testis sections were rehydrated and blocked in PBS containing
10% of BSA for 60 min at room temperature followed by overnight
incubation with anti-rabbit Sox5. After washing three times with
PBS, samples were incubated for 2 h at room temperature with
ﬂuorescein-coupled secondary anti-rabbit antibody (Invitrogen).
After washing three times with PBS, samples were incubated for
1 min in DAPI labeling solution. The slides were imaged with a
laser confocal microscope (Leica SP2) with integrated photomulti-
plier detectors.
3. Results
3.1. Identiﬁcation of the Catsper1 gene transcription start site
The transcription start site (TSS) in the Catsper1 gene promoter
region (Fig. 1A) was determined by rapid ampliﬁcation of cDNA 50
ends (50 RACE). cDNA was synthesized from total RNA of mouse
testis using an oligonucleotide annealing downstream of the start
codon (GSP1CatS1; Table 1). Sequence analysis of 50RACE products
indicated the presence of a 84 bp transcription start site (TSS1, ntA
C
Fig. 1. Identiﬁcation of the transcription start site in the Catsper1 promoter. (A) The nu
numbered based on the transcription start site +1 (asterisk). Putative cis-acting transcrip
indicated by italic and bold letters. The nucleotides corresponding to the core promoter
50UTR as well as the DNA deletion regions are indicated. (B) Determination of transcri
molecular size markers; lane 2, Primer extension fragments from mouse testis total RN
major primer extension product is indicated with an arrowhead which was corroborate
species. Catsper1 promoter sequences from different species were aligned. Mus musculus
other are numbered according to a start codon predicted by NCBI in silico analysis.+1) upstream of the translational start site (nt +85), and three
alternative TSSs downstream at positions +177 (TSS2), +186
(TSS3), +202 (TSS4) (Fig. 1A). A primer extension analysis showed
different bands, a strong 200 bp band suggesting that TSS1 is
the most frequently used (Fig. 1B). In addition, a deletion of 45
nucleotides within the coding region was observed in three 50RACE
clones. This deletion eliminates 15 amino acid residues (Fig. 1A)
without disrupting the Catsper1 open reading frame.
3.2. Identiﬁcation of Sox binding sites in the mouse Catsper1 promoter
To identify the core region and to study the transcription regu-
lation sites in the Catsper1 gene, a 1.2 kb region upstream of the
gene translational start site was analyzed using MatInspector soft-
ware and the TRANSFACT 4.0 database. A single 602 bp promoter
was located at nt 416 to +186 with respect to TSS1 of the Catsper1
gene which includes the 50 region of the ﬁrst exon. In addition,
three putative Sox binding sites were identiﬁed which were called
Sox-A (AGACACAATAG), Sox-B (TTACAATAAAG) and Sox-C (AGA-
ACTATTG); these sites shared homology with SRY, Sox5 and Sox9
binding sites (Fig. 1A). The comparison with other Catsper1 pro-
moters from different species showed Sox site clusters shared
among Mus musculus, Homo sapiens and Rattus norvegicus (Suppl.
Fig. 1). These clusters contain sites for SRY, Sox5, Sox9 oriented
to Catsper1 gene, but Sox17 sites generally appeared in the oppo-
site orientation (Suppl. Fig. 1). Sox-A site is conserved among the
eight species analyzed (Fig. 1C) and though it has a core sequence
for Sox5 site in ﬁve species, it also can be recognized as a Sox9 siteB
cleotide sequence of the 50-terminal region of mouse Catsper1 gene promoter was
tion factor binding sites are indicated by arrows. The translation start site codon is
are shadowed. Transcription start sites (TSSs), the initiator sequence (Inr) and the
ption initiation site of the Catsper1 promoter gene by 50-RACE. Lane 1, 32P-labeled
A (40 lg) using the CatSper1 speciﬁc oligonucleotide (PECatS1). The 50-end of the
d by 50RACE. (C) Sequence alignment showing Sox-A site conservation in different
and Homo sapiens sequences are numbered according to experimental TSS, and the
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conserved core for Sox5 site, but a Sox9 site in the alignment can
be identiﬁed (Fig. 1C). Sox-B and Sox-C sites are not conserved
among species, but these Sox sites are frequent within regions
located at similar distances from AUG of Catsper1 genes in some
species (Suppl. Fig. 1).
3.3. Identiﬁcation of the Catsper1 minimal promoter
A set of pGL3-derived constructs containing different fragments
of the 50 region of Catsper1 upstream of the Photinus luciferase
reporter were prepared (Fig. 2A). Given that all constructs were
inactive in mouse spermatogonia cells GC1-spg (Suppl. Fig. 2),
the relative transcriptional activity of these constructs was tested
by transient transfection in HEK-293 and MSC-1 cells. All con-
structs showed activity in these cell lines suggesting the presence
of the elements necessary for transcription activity of the Catsper1
promoter region. A Catsper1 gene promoter sequence of 599 bp (nt
492 to +107) resulted in 5-fold increase in luciferase activity in
HEK-293 cells (pCatS599), suggesting the presence of a positive
regulatory element in this region (Fig. 2B). It is important to men-
tion that construct pCatS394 harboring the putative Sox-A and
Sox-B sites exhibited the highest luciferase activity. Similar results
were observed in MSC-1 cells (Fig. 2C). In addition, a shorter pro-Fig. 2. Catsper1 promoter activity is regulated by Sox5. (A) Scheme of the 50 Catsper1 pro
region inserted upstream either the ﬁreﬂy Photinus luciferase gene (PLuc). Nucleotide pos
cells (B and C, respectively) were studied for transcriptional activity. After 48 h, cell lys
activity. The results were plotted as fold increases of luciferase activity over that of the pC
test).moter sequence of 261 bp (nt 154 to +107) decreased 50% lucif-
erase activity in both HEK-293 and MSC-1 cells, suggesting the loss
of consensus sequences for positive cis active elements.
3.4. Sox5 enhances transcriptional activity of the Catsper1 gene
promoter
Search for putative cis-acting elements using MatInspector soft-
ware revealed the presence of different transcription factor binding
sites, including three putative Sox motifs and two putative binding
sites for Sry, in addition to the absence of the canonical TATA and
CCAAT boxes (Fig. 1A). The coordinates of the Sox binding sites
identiﬁed are 145 to 135 for Sox-A, 218 to 208 for Sox-B
and 484 to 472 for Sox-C sites. To analyze whether Sox5 tran-
scription factor was able to regulate the expression of Catsper1,
the constructs were co-transfected with a Sox5-expressing (S-
Sox5-pRK-7) construct in HEK-293. Interestingly, Sox5 overexpres-
sion increased the transcription of all constructs tested except for
pGL3-CMV (Fig. 3A; left panel). The activity of pCatS599 was
increased from 1.5 to 8 in HEK-293 cells. Last, a promoter
region of 394 bp (nt 287 to +107) containing the Sox-A and
Sox-B sites (pCatS394) had also a high transcriptional activity
increase (from 2.3 to 15-fold), suggesting that the main tran-
scriptional activity resides in the 287 to +107 promoter regionmoter deletion constructs. Each construct was named according to the length of the
itions of the different deletion boundaries are indicated below. HEK-293 and MSC-1
ates were assayed for Photinus luciferase activity which was normalized to Renilla
at798 construct, which was assigned a value of 1. ⁄P 6 0.001 ⁄⁄P 6 0.05 (Student’s t-
Fig. 3. Sox5 enhances Catsper1 promoter activity. (A) HEK-293 cells were co-transfected with 500 ng of each promoter-pGL3 constructs and 500 ng of construct encoding
Sox5 (S-Sox5-pRK-7), Sox9 (pcDNAsport-Sox9) or empty vector. Luciferase activities were calculated as in Fig. 2. Transcription activity is plotted in bars for each construct. All
constructs were transactivated by Sox5 expression (open bars) and Sox9 (solid bars). Values indicate mean ± S.E.M. of the relative luciferase activities (n = 3). ⁄P 6 0.05
⁄⁄P 6 0.001 (Student’s t-test). (B) HEK-293 cells were transfected with 500 ng of pCatS798 wild-type or mutated constructs in Sox binding sites. (C) The same constructs were
co-transfected with 500 ng of Sox5 expression construct (S-Sox5-pRK-7), 500 ng of Sox9 expression construct (pCMVSport6-Sox9) or 250 ng of each plasmid. Luciferase
activities in the control condition (solid bars) and after Sox5 and Sox9 overexpression (open, solid and hatched bars) were calculated. A diagram showing the different
constructs tested is also shown (middle panel). The putative transcription factor Sox binding sites, the transcription start site as well as the mutations introduced are
indicated. ⁄P 6 0.05 ⁄⁄P 6 0.001 (Student’s t-test).
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Sox sites described in the following section. A decrease in activity
(50%) was also observed in HEK-293 cells harboring the shorter
promoter of 261 bp (nt 154 to +107) containing only Sox-A site
(pCatS261) (Fig. 3A; left panel).
Likewise, Sox9 overexpression increased the transcription of all
constructs tested except for the empty vector (Fig. 3A; right panel).
The activity of pCatS599 was increased from 2.1 to 25 in HEK-
293 cells. The promoter region of 394 bp containing the Sox-A andSox-B sites (pCatS394) had also a high transcriptional activity
increase (from 1.6 to 24-fold), once again suggesting that the
main transcriptional activity resides in the 287 to +107 promoter
region. The co-transfection analysis in Fig. 3A (right panel) also
indicates that the Sox9 transcription factor unambiguously binds
to the site Sox-A in the Catsper1 promoter, given that the pCats261
construct that contains only this binding site shows important
luciferase activity. It is also possible that Sox9 binds to the site
Sox-B in the promoter, given that the pCats394 construct that con-
Fig. 4. Analysis of the Sox binding sites in the murine Catsper1 promoter. (A) Electrophoretic mobility shift assay using testis cell extracts and double-stranded DNA
fragments containing Sox sites. Nucleotide sequence of Sox-A (145 to 135), Sox-B (218 to 208), Sox-C (485 to 472) and derived mutants are listed. (B) Competition
assays performed with either unlabeled speciﬁc oligonucleotides or unlabeled non-speciﬁc competitor as indicated. Arrow denotes the putative DNA-Sox complexes. (C) Pull-
down assay of Sox-B site and Sox5. Immunodetection of Sox 5 in nuclear protein extracts from spermatogenic cells (lane 2), or in assays using non-biotinylated Sox-B
oligonucleotides (lane 3), or wild-type and mutant Sox-B biotinylated oligonucleotides (lane 4 and 5). Molecular weight markers are in lane 1.
Fig. 5. Interaction of Sox5 with the Sox binding sites present in the Catsper1
promoter in vivo. Testicular chromatin was immunoprecipitated with anti-Sox5,
anti-Sox9 or anti-RNA polymerase antibodies. PCR products from the ChIP assay
were separated on an agarose gel. Precipitation with anti-GST antibody or PCR from
Oxct2b promoter was used as a negative control. Input DNA sample represents the
total input chromatin (10%).
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however in this case this activity is signiﬁcantly higher than that
observed for the construct that contains only the Sox-A site
(pCats261). These data strongly suggest that Sox9 may be binding
to both Sox-A and Sox-B sites in the Catsper1 promoter.
The deletion analysis suggested that Sox-A, Sox-B and Sox-C
binding sites are involved in the transcriptional regulation of the
Catsper1 promoter. To conﬁrm this ﬁnding, point mutations were
introduced into these sequences at positions that affect the tran-
scription factor binding according to previous reports [13]. Com-
pared with the WT construct (pCatS798), mutations in the Sox-A
and Sox-C sites did not affect promoter transactivation (Fig. 3B). In
contrast, an important reduction (60%) in transcriptional activity
was observed when Sox-B site was mutated, indicating that this
region is responsible formost of transcription (Fig. 3B) and for trans-
activationwith Sox5 and Sox9 (Fig. 3C). Last, according to the results
of our co-transfection analysis shown in Fig. 3A, as well as themuta-
tional analysis shown in Fig. 3C both transcription factors may bind
to the same sites (Sox-A and Sox-B) in the Catsper1 promoter.
The results in Fig. 3C also show experimental evidence for a
cooperative effect of Sox5 and Sox9 on the activity of the Catsper1
promoter. In these experiments both transcription factors were co-
transfected with the wild-type promoter. The result of this analysis
showed that when transfected alone Sox5 caused a 8-fold
increase in the activity of the promoter. Likewise, when Sox9
was transfected alone it caused a 12-fold increase. However,
when both transcription factors were transfected together the
increase in luciferase activity was 38-fold.3.5. Sox proteins bind to the Catsper1 promoter Sox sites
We next determined whether Sox-A, Sox-B or Sox-C binding
sites were functional by using EMSA. As shown in Fig. 4A, a sin-
gle retarded band was observed in each case using probes for
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7). The binding speciﬁcity was tested using mutant oligonucleo-
tides for each probe. DNA–protein complexes were not formed
when EMSAs were performed with the oligonucleotides contain-
ing the point mutations for Sox-A or Sox-B (Fig. 4A, lane 2 or 4)
or Sox-C (lane 6). These complexes were competed by an excess
of unlabeled speciﬁc probes but not by an excess of a DHH-1086
unspeciﬁc probe (Fig. 4A, lane 8 and Fig. 4B) conﬁrming binding
speciﬁcity.
Moreover, the speciﬁcity of the interaction between Sox5 and
the Sox-B binding site was analyzed by pull-down assays using
biotinylated probes containing Sox-B wild type and mutant sites.
The results of these experiments show that the Sox5 protein is
enriched when bound to the wild type sequence, and that this
interaction is absent when the mutant Sox-B probe is added (Fig
4C).Fig. 6. Sox5 expression is detected in mouse spermatocytes and spermatids. (A) RT-PCR
germ cells puriﬁed in three stages of spermatogenesis and cells lines as indicated. (B) Fo
two-month mouse testis were treated with speciﬁc anti-Sox5 (panel II); nuclei were co
(Evans blue, cytoplasm). Cell nuclei are identiﬁed by arrows for Sertoli cells (Sn), s
immunoﬂuorescence experiments shown are representative of at least 3 experiments. PaLast, to analyze the in vivo interaction of Sox5 with the Sox
binding sites in the Catsper1 promoter, ChIP assays were performed
on testis chromatin. The fragmented DNA precipitated with anti-
Sox5, anti-Sox9 or anti-RNA polymerase II (positive control) was
subjected to PCR ampliﬁcation with oligonucleotides ﬂanking the
three Sox sites or Sox-B and Sox-A sites (Fig. 5). Anti-Sox5, anti-
Sox9 and anti-RNA polymerase II antibodies precipitated proteins
bound in vivo to the ampliﬁed DNA sequence spanning the three
Sox sites (620 bp) or the Sox-B and Sox-A sites (420 bp), whereas
no PCR products were observed with anti-GST antibodies or Oxct2b
promoter primers (Fig. 5).
3.6. Sox5 is expressed in mouse germ cells
Previous studies have shown that S-Sox5, a short isoform of
Sox5, is expressed in adult testis cells [9] and regulates theanalysis of Sox5, Catsper1 and actin gene expression. RNA was obtained from testis,
r immunoﬂuorescence detection of Sox5 (green), parafﬁn-embedded sections from
unterstained with DAPI (panel I). Panel III shows merged images of panels I and II
permatogonia (Sg), spermatocyte (Sp), spermatid (St) and sperm cells (Sz). The
nels IV, V and VI correspond to magniﬁed images of panels I, II and III, respectively.
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decided to examine by RT-PCR the coexpression of Sox5 and Cat-
sper1 in mouse adult testis, puriﬁed germ cells and cell lines.
Sox5 expression was detected in testis, in the three types of germ
cells, 11-day embryo and in GC1-spg cells with a strong signal.
Thymus, HEK-293, and MSC1 cells showed a weak signal. Catsper1
was coexpressed only in testis and puriﬁed germ cells (Fig. 6A).
Last, immunoﬂuorescence can reveal Sox5 protein expression. To
this end, two-month old mouse testes were sectioned and stained
with antibodies speciﬁc for Sox5. As shown in Fig. 6B, panels II and
III, spermatid nuclei in the seminiferous tubules are strongly
stained after incubation with the Sox5 speciﬁc antibody. Sox5
was found to be strongly expressed in the cytoplasm from sperma-
tids (Figs. 6B, panels II, III, V and VI).
Thus, the expression of these factors in spermatids cell nuclei
supports a role in the transcriptional regulation of murine Catsper1
gene.4. Discussion
In this paper we provide what is to our knowledge the ﬁrst
detailed analysis of the promoter region of the murine Catsper1
gene. We found that the core promoter consists of a region of
394 bp (287 to +107) including 107 bp of the ﬁrst exon. Four
TSS were identiﬁed from which TSS1 (+1) is apparently the most
frequently used. In addition, mRNAs produced from TSS2, TSS3,
TSS4 may not be functional due to the shortening of the 50-UTR
which may not be favorable for the functions associated with this
region, i.e., post-transcriptional regulation, mRNA stability,
nuclear-cytoplasm transport, subcellular localization and transla-
tional efﬁciency [15]. In this respect, TATA-less promoters (Cat-
sper1 is within this category) may also be activated through the
recognition of Inr elements [16,17]. However, genes with alterna-
tive TSSs are common in germ cell promoters as well as in TATA-
less promoters [18,19]. In this case, proteins with different size
and function may be produced as has been reported for CATSPER2
[1]. Our ﬁnding of multiple TSSs is in agreement with the alterna-
tive histidine-rich domains produced by insertions and deletions
among primate and rodent Catsper1 genes and suggests a positive
selection in the length of Catsper1 protein [20,21].
Bioinformatic analysis revealed binding sites for Sox5, Sox9,
Sox17 and Sry in the Catsper1 promoter. Although the participation
of Sox9 and Sry have not been documented in adult mouse sper-
matogenic cells, their role as transcription factors for testis differ-
entiation in mammals is fundamental [22]. Likewise, though the
SRY transcription factor was identiﬁed in adult human spermato-
genic cells, mouse Sry is expressed as an untranslatable circular
messenger in adult mouse testis [23]. On the other hand, Sox9
was detected as a transcription factor in Sertoli cells in adult mur-
ine testis [24]. Instead, Sox5 and Sox17 are present in spermato-
genic cells as testis-speciﬁc isoforms, but Sox17 has an early
expression during spermatogenesis and Sox17 binding sites in
the promoter are reverse oriented to Catsper1 gene [9,25]. Thus,
Sox5 transcription factor has a coordinated expression with Cat-
sper1 gene after meiosis.
In addition, Sox6 is also expressed in the adult mouse testis
[26]. Sox6 and Sox5 are highly homologous, and the HMG domains
in both proteins recognize the consensus sequence 50AACAAT30
[26]. It is also well known that Sox5, Sox6, together with Sox9
(the Sox trio) regulate many physiological processes [27], therefore
it is predicted that the Sox trio could be regulating the expression
of the Catsper1 promoter. Though more experiments are necessary
to test this hypothesis, a cooperative promoter activation by Sox5
and Sox9 is supported by our preliminary data. This is an impor-
tant observation, which may help explain how Sox5 can increasethe promoter activity. As Sox5 does not have a transactivation
domain, it may not directly activate the promoter. However, it
can form homodimers and may also pair off with other transcrip-
tion factors. Working as an architectural protein, Sox5 may modu-
late the promoter activity by increasing or decreasing the
transactivation by Sox9 or by other partner factors [28].
In contrast, the Catsper1 promoter constructs did not show tran-
scriptional activity in GC-1spg cells although transfection efﬁcien-
cies were optimal. It is worth mentioning here that GC-1spg cells
are diploid between type B spermatogonia and primary spermato-
cytes stages [29] and Catsper1 is expressed post-meiotically [6,30].
Indeed, no CatSper1mRNA expression has been found during mito-
sis of spermatogonial cells [30]. Consistent with this, we were
unable to detect Catsper1 in GC1-spg cells by Western blot and
immunohistochemical analysis (not shown). However, GC-1spg
cells provide a valid model for understanding gene expression pro-
ﬁles during spermatogenesis [31] and the complex interactions
between gene promoters and testis speciﬁc factors including mem-
bers of the ZFP family, factor-1a and TSPY [32–35]. Thus, it is pos-
sible that changes in the expression proﬁle of different
transcription factors during the mitotic stage of spermatogenesis
may be silencing the expression of Catsper1 [36,37]. Sox transcrip-
tion factors bind to DNA consensus sequence 50-TWWCAAAG-30
with a bias to AG and GG in the 50 and 30 ends, respectively [13].
It is worth noting that the expression of Sox5 in HEK-293 cells
was previously determined by microarray analysis and the role
of this factor in testis development has been also reported in differ-
ent species [24,38–40]. In this respect, it is tempting to speculate
that Sox5 could possibly be regulating the expression of genes like
Catsper1 and Spag6 in the testis. Previous studies indicate the for-
mation of one or two gel shifted complexes caused by the interac-
tion of Sox5 with speciﬁc consensus sequences [10]. The gel shifts
produced in EMSA assays for Sox-A, Sox-B and Sox-C sites in the
Catsper1 promoter region is suggestive of protein binding to the
Sox consensus sequences and gene transactivation. Speciﬁc bind-
ing of Sox5 and Sox9 with Sox-B site was conﬁrmed by pull-down
and immunodetection assays. This interaction was conﬁrmed
in vivo by ChIP assays. Together, these results provide new insights
into the mechanisms that control Catsper1 gene expression.
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